ABSTRACT
S
troke is a costly illness. Stroke prevention among patients with symptomatic carotid stenosis requires carotid revascularization. This can be done surgically as carotid endarterectomy (CEA) 1 or less invasively through carotid angioplasty and stent placement (CAS). 2 Both are used in combination with optimal medical therapy. Approximately 5000 CEA procedures were performed in Canada in 2005. 3 Stroke is an uncommon but feared complication of carotid revascularization. 4 Stroke is more common after CAS, and though most of these periprocedural strokes are clinically minor, they contribute to the cumulative disability associated with the procedure. 5 The largest randomized trial comparing CAS versus CEA (the Carotid Revascularization Endarterectomy versus Stenting Trial [CREST] ) concluded that the outcomes after CEA versus CAS were similar because a higher risk of myocardial infarction (MI) after CEA was balanced by a higher risk of stroke after CAS. 2 Increased costs of CAS due to the costs of devices and the higher costs of stroke as a complication may be balanced by a slightly longer length of stay after CEA. [6] [7] [8] [9] These outcomes have different impacts on the patient's quality of life. 10, 11 We sought to determine the cost-utility of CAS compared with CEA in symptomatic patients and to understand what circumstances make CAS a cost-effective procedure.
MATERIALS AND METHODS
The cost per quality-adjusted life years (QALY) gained with CAS compared with CEA in the treatment of patients with symptomatic carotid stenosis was assessed. The perspective of the Canadian health care system payer was adopted. The costs and clinical outcomes were modeled by using a Markov process. A lifetime time horizon was used 12 to capture all relevant costs and benefits. Figure 1 presents the model structure. Given the higher risk of adverse outcomes in the initial 30 days after CAS or CEA, the first 30-day outcomes were modeled separately from long-term outcomes. Patients who survive the initial period will be in 1 of 4 health states: healthy, major stroke, minor stroke, or MI. The costs and clinical outcomes were assessed at 1-year intervals. All clinical outcomes were taken from published randomized trials comparing CEA and CAS. Major stroke was defined as stroke that results in disability interfering with independent living. Minor stroke was defined as stroke that causes no disability or causes a disability that does not interfere with independent living. 13 Myocardial infarction was defined as chest pain associated with electrocardiographic changes or elevated cardiac enzymes. The healthy state described individuals who did not have stroke or MI or die following the carotid revascularization procedure. The healthy state included patients who might have had known transient complications not typically affecting a durable quality of life, such as cranial nerve palsy following CEA or groin hematoma following CAS.
Model
The base case analysis simulated a cohort of patients at an average age of 65 years with symptomatic carotid stenosis eligible for revascularization with either CAS or CEA. All costs and utilities were discounted at 5% annually. Costs were inflated to 2012 costs by using the Canadian Consumer Price Index for health and personal care.
14 Decision analysis software (TreeAge Software, Williamstown, Massachusetts) was used to construct a Markov model. The study was approved by the Conjoint Health Research Ethics Board at the University of Calgary.
Clinical Data
The estimates of the clinical outcomes in the periprocedural (30-day) period were pooled from the results of a recent meta-analysis, 4 which included 12 major carotid revascularization trials enrolling 6973 patients (Table 1) . This meta-analysis did not separately report the rates of periprocedural major and minor strokes. Data from this recent meta-analysis were reanalyzed to provide estimates of periprocedural major and minor strokes. 4 The long-term clinical outcomes in those who survived the periprocedural period reported in included studies by Yavin et al 4 were pooled to estimate the annual incidence of major stroke, minor stroke, and death, excluding the first 30 days. The annual risk of each outcome was calculated by dividing the total number of patients with the outcome by the number of follow-up years (excluding outcomes occurring in the first 30 days).
The risk of MI beyond the first 30 days was not reported in major randomized trials of CAS versus CEA and therefore was assumed similar among patients undergoing either procedure. Survival data beyond the follow-up of the clinical trials (Յ4 years of follow-up) were based on the study by Caro et al. 15 
Cost Data
Procedural Costs. Using microcosting data from the Calgary Health Zone, we selected a cohort of consecutive patients with carotid stenosis who underwent carotid revascularization (2005) (2006) (2007) . Costs estimates reflected the direct costs incurred by the health system. Inpatient costing data include those for investigations and treatments. Investigation costs included laboratory, imaging, and cardiac investigations. Treatment costs included the operating room and angiography suite costs; nursing care; and medications, devices, and materials used. Human resources costs (including nurses, therapists, and social workers) were also captured. Physician claims for endarterectomy, stent placement, and anesthesia were obtained from the Alberta Ministry of Health schedule of medical benefits. Hospitalization costs were cal- culated from the asymptomatic patients and those presenting with TIAs. This calculation was performed to avoid doublecounting the rehabilitation costs associated with patients presenting with minor or major strokes. Outpatient follow-up costs were assumed similar among patients with uncomplicated carotid revascularization.
Ongoing Costs of Care. The direct costs for hospitalization and readmissions for patients having minor and major strokes were based on the findings of the multicenter Canadian Burden of Ischemic Stroke (BURST) study. 16 For the base case analysis, only direct costs for patients with major and minor strokes were used (Table 2 ). These included costs for hospitalizations, rehabilitation, diagnostic imaging, medications, physician services, home care, changes of residence, and paid caregivers. The costs for hospitalization of patients who had MI were based on the Alberta Provincial Project for Outcome Assessment in Coronary Heart Disease data base. 17, 18 Utilities Utility scores were quoted from the published literature (Table 3) . The Stenting and Angioplasty with Protection in Patients at High Risk for Endarterectomy (SAPPHIRE) trial used the baseline utilities reported by the Beaver Dam Health Outcomes Study utility score for "healthy" patients with hypertension. For the baseline utility, we used an average utility score (0.86) of those reported by the Beaver Dam Health Outcomes Study for subjects with-versuswithout hypertension in the age group corresponding to the base case analysis. 19 The utility scores of major and minor strokes were based on the results of a meta-analysis. 20 The utility score for MI was derived from the SAPPHIRE trial.
Sensitivity Analyses
To address the model assumptions and uncertainties, we performed multiple 1-way sensitivity and scenario analyses over plausible ranges based on the confidence intervals of clinical outcome measures, costs, utility scores, and discount rates.
Given that cost-utility estimates may vary by health care setting, we explored the impact of high surgical risk and high procedural risk outcomes by using risk estimates from major carotid revascularization trials (CREST, 
Monte Carlo Simulation
A Monte Carlo simulation by using a hypothetic cohort of 10,000 patients was performed to investigate the overall uncertainty in the model. Normal distributions were used for the risks, costs, and utility estimates.
RESULTS

Model Validation
The baseline characteristics of the costing cohorts for CAS and CEA are summarized in Table 4 . The cost of a CAS procedure was estimated at $7303, while the hospitalization cost was $2240. Compared with CAS, the cost of a CEA procedure was lower at $4483 but had a higher hospitalization cost of $3703. The decision model structure, estimates, and assumptions were reviewed by experts in the field of cerebrovascular diseases (M.D.H., J.H.W.) and health economics (F.M.C.). The internal validity of the model was verified by comparison of predicted outcomes and input clinical risks. External validity was evaluated by comparing the predicted clinical outcomes with observed clinical outcomes at 4 years from the major clinical trials (On-line Table 1 ). Our predicted probabilities matched the observed probabilities within 20%.
Base Case Cost-Utility Analysis
In the base case analysis, CAS was more expensive than CEA (incremental cost of $6107) and had a lower effectiveness (Ϫ0.12 QALYs); CAS was dominated by CEA. (Table 5) .
One-Way Sensitivity Analyses
The model results were not affected by varying the discount rate or periprocedural or annual risk of major or minor stroke Table 2 ). The cost of MI did not impact the results. The procedural cost of CAS did not influence these results even when costs as low as $1000 per procedure were used. The model results were sensitive to variation in the annual mortality risk. When CAS was associated with a lower risk of death compared with CEA, at a threshold relative risk of 0.85, CAS was associated with an incremental cost-effectiveness ratio of $32,839 per QALY gained compared with CEA.
Scenario Analyses Based on Major Trials
When estimates from trials of high-procedure-risk populations (EVA-3S) or of patients treated with the North American standards (CREST trial) were used (On-line Table 3 ), the results were unchanged. With estimates from the high surgical risk population (SAPPHIRE trial), CAS was cost-effective relative to CEA (Table 5 ). The higher risk of death and major strokes associated with CEA described in that trial led to higher costs and reduced QALYs.
Threshold Analyses
Only after simultaneously reducing CAS procedural costs from $7300 to $4350, the relative risks of minor periprocedural strokes (relative risk ϭ 1.0), and the annual relative risk of stroke (relative risk ϭ 1.15) does CAS become the preferred option.
In the Monte Carlo simulation, the estimated net costs in the simulated cohort were $28,615 (95% CI, $28,556 -$28,674) for CAS and $22,948 (95% CI, $22,919 -$22,976) for CEA. Almost all simulations fell in the upper quadrants, indicating the presence of incremental costs associated with CAS in most simulations (Fig 2) . However, the scatter across the horizontal plane indicates uncertainty in the effectiveness of CAS versus CEA.
DISCUSSION
Overall, CAS was associated with higher costs and lower effectiveness compared with CEA among patients with symptomatic carotid stenosis. These results were driven by the costs of both the procedure and the associated periprocedural adverse outcomes (primarily major and minor stroke). The costs associated with MI did not impact the results. These results were sensitive to annual survival following the procedure. Longer survival is associated with greater cost-effectiveness for CAS. 23 CAS was cost-effective under certain circumstances. Among patients with high-surgical-risk features, CAS was associated with both lower costs and higher QALY gains. This was largely influenced by the lower risk of major and minor periprocedural stroke associated with CAS. While careful patient selection is an important factor in reducing procedural complications, the risk of periprocedural stroke remains higher with CAS across many major trials. If and when the safety of CAS is improved through the development of the technology and procedural innovation, CAS may become cost-effective relative to CEA.
Monte Carlo simulated cohort analysis showed some uncertainty around the effectiveness of CAS compared with CEA, but costs were always higher with CAS. Distal protection devices, balloons, stents, and guiding catheters used for CAS are expensive, collectively approaching $4500. These costs outweigh any savings associated with shorter hospitalization after CAS. Therefore, improving CAS safety is an alternative approach to improving its cost-effectiveness.
There are multiple steps involved in performing CAS; some of these are the subject of ongoing debate because of safety concerns. For example, the use of distal protection devices and poststent balloon angioplasty are 2 procedural steps that are not universally performed. While angioplasty balloons cost approximately $300 per device, the cost of the distal protection device is $1900. 24 Identifying the safety of these instruments is important to enable the assessment of the potential clinical and economic impact of eliminating such steps that might be hazardous. These results are concordant with reports from other jurisdictions. 10, 11, 25, 26 The higher procedural cost associated with CAS was unanimously reported by these studies, and the cost of stroke care was a major driver of the cost-utility analyses. The cost estimates used in this analysis for patients with major and minor stroke were significantly higher compared with other reports. The BURST trial estimates included costs for postdischarge care, which were not reported in many other trials and provide a novel Canadian context. This study has limitations. The analysis was based on clinical estimates from a meta-analysis that combined patients with variable clinical characteristics treated via different protocols. While the effects of this variability were examined by performing multiple sensitivity and scenario analyses, the base case results should be interpreted bearing in mind the limitations of available evidence. Moreover, the model provides outcomes and costing data beyond what is known from these trials. The analysis adopts a public health system perspective, and indirect costs were not included in this analysis. Therefore, the reported costs represent an underestimate of the actual total costs associated with both procedures. Some adverse outcomes occasionally seen with CEA, such as cranial nerve injuries, which are rarely disabling, were not considered in this analysis. Despite these limitations, this analysis not only provides an assessment of the cost-utility of CAS in the Canadian health system but it also explored factors influencing these costs and suggests potential saving strategies.
CONCLUSIONS
Overall, CEA was the cost-effective procedure relative to CAS for patients with symptomatic carotid stenosis. CAS provides an attractive incremental cost-effectiveness ratio in the high-surgical-risk population. Effort should be focused on reducing the periprocedural stroke risk and procedural costs to improve CAS cost-effectiveness. 
